Abstract-Ferrofluid is a novel kind of functional materials, which possesses both the magnetism of solid magnetic material and fluidity of liquid material. Due to its unique optical properties, especially the refractive index tunability under magnetic field, ferrofluid has been widely utilized for magnetic field and current sensing combined with various optical fiber structures. Hence, in this paper, the refractive index tunability of ferrofluid, which is mainly applied into the optical fiber sensors, is first reviewed and illustrated in detail. Then we mainly introduce our work on the applications of ferrofluid in optical fiber sensors based on the refractive index tunability of ferrofluid, including the whole physical configurations, the operating principles, and the performances of these optical fiber sensors. At last, the deficiencies of ferrofluid in the applications of optical fiber sensors as well as valuable potential prospects in further research are analyzed and presented. From all the above reviews and discussions, it can be foreseen that the characteristics of ferrofluid will be improved and the applications of ferrofluid-based optical fiber sensors will be developed rapidly and maturely.
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I. INTRODUCTION
F ERROFLUID, also called magnetic liquid or magnetic fluid (MF), which consists of colloidal magnetic nanoparticles (Fe 3 O 4 , γ−Fe 2 O 3 and so on) dispersed with the aid of surfactants (hydroxyl, carboxyl, sulfur, amine, etc.) in a continuous carrier phase (water, hydrocarbons and liquid metals), is a typical hybrid of soft material and the nanoparticles. Considering its constitute, the MF possesses both the magnetism of solid magnetic material and fluidity of liquid material [1] it has remarkable properties of refractive index tunability [2] - [5] , birefringence effect [6] , [7] , field-dependent transmission [8] - [10] , thermal effect [11] , dichroism effect [12] , etc. The ferrofluid was first synthesized successfully by Papell in 1965 [13] . By means of ballmilling grinding in the presence of a surfactant and liquid carrier, the magnetic powder was reduced to colloidal nanoparticles. The average diameter of the dispersed particles ranges from 5 to 10 nm. However, the low production efficiency through the ballmilling grinding process and high cost limited the practical applications of MF. Next, in 1975, the chemical precipitation for the preparation of MF was developed by Kelley [14] . The improvement in the manufacture process made the ferrofluid become popular gradually, which attracted the interests of scientists to the MF related research area, including but not limited to the analysis of its microstructure [15] - [17] , the inherent properties and field-dependent properties under magnetic field or temperature [18] - [20] , and the applications in sensing technology and integrated devices [21] - [23] .
With regard to applications of MF in sensing technology and integrated devices, the developments in optical devices are particularly conspicuous, such as optical switches [24] and modulators [25] , tunable optical gratings [26] , coarse wavelengthdivision multiplexing [27] , and optical fiber sensors [28] - [30] . Especially, the MF-based optical fiber sensors have been widely developed due to inheriting the favorable characteristics of optical fiber sensors, such as high sensitivity, compact, capable of remote sensing and adapting to harsh environments etc. [31] . What's more, due to the unique magneto-optical properties, most of the MF-based optical fiber sensors are based on the refractive index tunability of MF. Hence, in this paper, we mainly review and illustrate the refractive index tunability of MF and its corresponding applications on optical fiber sensors.
The paper is organized as follows: In Section II, the refractive index tunability of MF are mainly reviewed. Next, the applications of ferrofluid in optical fiber sensors are reviewed in Section III. In Section IV, the deficiencies of MF in the applications of optical fiber sensors as well as potential applications prospects in further research are analyzed and presented at last.
II. MAGNETIC-OPTICAL PROPERTIES OF FERROFLUID
The superior optical properties of MF provide diverse patterns to combine with optical fiber sensors, which makes it popular to be widely used for sensing technology. This section 0733-8724 © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications standards/publications/rights/index.html for more information. will focus on the refractive index tunability of MF which are mainly used in combination with optical fiber sensors, and will further introduce briefly the other properties of ferrofluid such as birefringence effect, field dependent transmission and so on. The unique magnetic-optical properties of MF are closely related to the microstructure changes of MF under external magnetic field, which are also the main reason that MF is widely utilized for magnetic field sensing. The MF belongs to a stable colloidal polymer, which can maintain a homogeneous state perennially. Its microstructure has been studied by different simulation methods [17] . Without applied external magnetic field, the nanoparticles in the MF disperse in the carrier liquid randomly and uniformly. When the magnetic field is applied to the MF, the nanoparticles will undergo Brown and Néel relaxation [32] , which will make the magnetic particles agglomerate to form chains along the direction of applied magnetic field. Zhao et al. simulated the chain formation process under different magnetic field by the Monte Carlo method [10] . Fig. 1 shows magnetic field intensity impact on the MF microstructure under an external magnetic field. From Fig. 1(a) , it can be seen that chainlike clusters are not obvious when the applied magnetic field intensity is weak. As the magnetic field intensity increases, chainlike clusters will grow much longer and straighter illustrated in Fig. 1(b) -(d). This phenomenon was also observed by microscope in experiments, as shown in Fig. 2 [33] . In experiments, the MF was water-based EMG905 (Ferrotec USA Corporation) with a concentration of 1.8%. With the increase of magnetic field intensity, the length of chainlike structure will increase, which is consistent with the simulation. It is known that properties are determined by structures. Hence, on account of this microstructure changes of MF under magnetic field, the MF is endowed with abundant optical properties, such as refractive index tunability, birefringence effect and field dependent transmission and so on. In the absence of magnetic field, magnetic particles are uniformly dispersed in the carrier liquid. Due to its small size, the MF can be regarded as liquid-phase state. As described above, in the presence of magnetic field, the MF will aggregate to form magnetic columns which can be treated as solid-phase material along the direction of applied magnetic field. This will result in the two-phase separation, which further change the equivalent dielectric constant, leading to the variations of refractive index of MF. Hence, it can be manifested that the refractive index of MF is controllable by magnetic field qualitatively.
In 2002, Yang et al. [2] successfully measured the refractive index of MF under different magnetic field intensities with the method of total reflection technique. A preliminary relationship between the refractive index of MF and magnetic field was obtained. With that, researches were carried on with respect to the concentrations of MF, the operation temperature and the angles of applied magnetic field [4] . It is concluded that the variation in refractive index of MF n MF with the magnetic field intensity H and the temperature T is attributed to the column formation, the refractive index of MF n MF can be described by a Langevin function expressed as [4] :
where Hc, n is the critical field strength, under which the refractive index of MF starts to change, n 0 is the refractive index of MF under fields lower than Hc, n, n s denotes that the saturated value of the refractive index of MF and α is the fitting parameter. However, in their total reflection system, the measurement required not only a prism with a refractive index higher than MF to constitute a full reflection of optical path, but also a series of measurement data to determine the critical angel. In 2005, a new method of using optical fiber end face retroreflection was proposed by Pu et al. [34] to measure the refractive index of MF. The method does not involve the control of light path and has a simple system structure, compared with the total reflection method. However, the work only studied the impact of temperature and concentration on the variations of refractive index.
Further, Zhao et al. [5] utilized the ameliorative method based on Fresnel reflection theory of optical fiber end to fulfill the measurement of the magnetic field's impact on the refractive index of MF. The relationships between the refractive index change and magnetic field intensities at a fixed temperature when light propagates parallel and perpendicular to the applied magnetic field are obtained, as shown in Fig. 3 . In experiments, a water-based MF (EMG507, Ferrotec) with a particle volume concentration of 1.8% was used. The nanoparticles in MF are Fe 3 O 4 , and their average size is 10 nm. Fig. 3(a) shows that when the light propagates parallel to the applied magnetic field, the MF refractive index increases with the rising magnetic field intensity and will reach a saturated value under higher intensity. And the repeatability for upward and downward processes is also proved perfectly. However, when the light is perpendicular to the direction of applied magnetic field, the trend is opposite to the parallel case as shown in Fig. 3(b) .
This contradiction was attributed to the magneto-electric directive effect of ferrofluid [35] . The refractive index of MF n MF can be determined by electric susceptibility χ which is described as follows [36] :
where ε MF represents the dielectric constant of MF and χ is the electric susceptibility, wherein the electric susceptibility χ of MF is dependent on the magnitude of the magnetic field and on the relative direction between the electric field and magnetic field. When the external magnetic field is parallel to the propagation direction of light, χ increases with the increasing magnetic field, namely ∂χ/∂H > 0, and when the applied magnetic field is perpendicular to the propagation of light, χ decreases with the increasing magnetic field, namely ∂χ/∂H < 0. Based on the remarkable property of refractive index tunability under applied magnetic field, the measurement of magnetic field can be demodulated to the variations of refractive index. So the MF can be widely used for the measurement of magnetic field combined with different refractive index sensing structures taking advantage of the refractive index tunability, which is also the main basis of MF utilized for optical fiber sensors.
Except the refractive index tunability of MF, the properties like birefringence effect and field-dependent transmission has been researched a lot.
As described above, with an applied magnetic field, the magnetic nanoparticles of MF could form regular chainlike structure along the direction of magnetic field. This will result in the spatial anisotropy of MF, which makes MF exhibit optical birefringence under a magnetic field. The physical mechanisms responsible for the magnetic field induced birefringence effect of MF have been adequately studied and explained a lot [37] , [38] . For the usage of birefringence effect of ferrofluid, the MF is usually utilized to be embedded in a Sagnac interferometer or be combined with high polarization-maintaining fibers and so on.
As for the field-dependent transmission property, a few research has been carried on in experiments and simulations as well [8] - [10] . The transmission properties will be affected by the applied magnetic field. What's more, the direction of applied magnetic field will generate different impact on the transmittance of MF. Zhao et al. [8] obtained a reliable result using the Monte Carlo method. They also experimentally realized the measurement of magnetic field transmission characteristics subjected to the magnetic field. Fig. 4(a) and (b) show the magnetic field intensity impact on transmittance of ferrofluid when the light parallel and perpendicular to the direction of applied magnetic field, respectively.
Not only the refractive index tunability of MF, birefringence effect and field-dependent transmission properties of MF have been utilized to lay foundation on the applications in optical fiber magnetic field sensors, but also the properties like photo-thermal effect [39] and magneto-volume variation of MF [40] are also used to combine with optical fiber structures to realize the measurement of magnetic field intensity. Additionally, the thermal lens [11] , the scattering and diffraction effects [41] - [43] , the magnetochromatic effect [1] and so on are also researched and studied. These optical properties form the groundwork for further development of related optical devices or sensors.
III. THE APPLICATIONS OF FERROFLUID ON OPTICAL FIBER SENSORS
So far, the MF has been widely used to combine with the optical fiber sensing technology for the measurement of magnetic field and current intensity because of its unique optical properties. Most of the MF-based optical fiber sensors are based on the refractive index tunability. Hence, this section will mainly present our work on the applications of ferrofluid in the optical fiber sensors based on refractive index tunability. As discussed above, the MF exhibits distinct refractive index tunability under an applied magnetic field. The relationships between the refractive index of MF and an external magnetic field under parallel and perpendicular cases are given as well. Based on this property of MF, the MF is usually used to measurement magnetic field and current intensity. And the measurement can be transformed into the sensing towards the variations of refractive index. Hence, the MF can be combined with various optical fiber refractive index sensing structures to construct novel optical fiber sensors that a change in refractive index induced by magnetic field can cause a corresponding spectral change or variations of output light intensity. By analyzing the sensing signal and obtaining its corresponding relationship with the applied measurands, the measurement of applied magnetic field or current intensity can be realized.
Hu et al. [44] first proposed a novel optical fiber current sensor. In this design, the MF was filled into a fiber-optic FabryPérot (F-P) cavity, which was composed of a pair of coated GRIN Lens. After passing through the F-P filter, the light with a certain wavelength would be demodulated by a slant FBG wavelength measurement system. The whole measurement system is shown in Fig. 5(a) . By this system, the relationship between the magnetic field, which generated by corresponding current, and the output wavelength of the fiber filter sensor could be obtained as shown in Fig. 5(b) . And a sensitivity of 10.6 nm/mT was achieved. The main advantage of this method is that it avoids problems in the low SNR and the high-voltage isolation when compared with the optical current transformer on Faradayeffect and the conventional electromagnetic current transformer. In addition, the measurement system does not need polarization devices, which avoids the influence of the sensitivity of polarization fiber or polarization devices on the environment. After that, based on the filling technology, Lv et al. [33] presented an optical fiber F-P sensor for the measurement of magnetic field, as shown in Fig. 6 . The F-P sensor was constructed by two single mode fibers and capsulated by a capillary. Both the ends of the cavity were sealed with UV glue. By this design, a sensitivity of 431 pm/mT was achieved in experiments. However, the temperature influence remains to be avoided. Hence, we further realized the temperature compensation using a FBG [45] , as shown in Fig. 7(a) . The maximal magnetic field intensity up to 600 Gs with a sensitivity of 400 pm/mT and measurement resolution 0.5 Gs were achieved as shown in Fig. 7(b) . However, all of the above F-P cavities need a capillary tube to construct the sensing structure. Besides, the thermal expansion of glue will influence the measurement as well.
Hence, we used a hollow-core photonic crystal fiber (HCPCF) to construct an all-fiber F-P magnetic field sensor [46] as shown in Fig. 8 , which solved the proposed problem. In this design, a coating film and a reflection mirror were also utilized to increase the reflectivity of the two interfaces and then enhanced the power of the signal. By simulation, a sensitivity of 330 pm/mT was obtained. What's more, the HCPCF was insensitive to the environmental temperature, so it could reduce the influence of temperature. However, the sensitivity and stability are not good enough. Therefore, combined with the fiber loop ring-down spectroscopy (FLRDS), a novel long-tail fiber current sensor based on F-P cavity was proposed by our research group [29] , as plotted in Fig. 9 . In this system, we considered both the magnetic-tunable refractive index properties and transmission properties of ferrofluid, thus the sensitivity has been enhanced to 14.88 mA/μs on account of superposition effect. What's more, the FLRDS interrogation system can eliminate the influence of light source fluctuation and resist the external environment distraction, hence the stability of the measurement system can be improved significantly.
For the photonic crystal fiber (PCF), it is a unique kind of optical fiber with micrometer-size air holes running along the length of the fiber, which is another excellent candidate to be used to combine with MF. The tapered PCF coated with MF was constructed as a magnetic field sensor by our group [30] , as shown in Fig. 10 . In this design, the PCF was tapered to construct a Mach-Zenhder interferometer. And a high measurement sensitivity of 160.4 pm/mT was achieved. It also concluded that the sensitivity can be further enhanced by increasing the ferrofluid concentration, increasing the taper length and decreasing the waist diameter. However, tapering will ruin the mechanical strength of the sensor. What's more, the specific parameters of taper could not be obtained by the fusion technology. The most common way for PCF is to fill the MF into the air holes of PCF. Gao et al. [47] first filled the MF into the air holes of the cladding layer in the PCF for the magnetic field measurement. Due to the tunable refractive index property of MF, the refractive index difference between the fiber core and cladding layer would be changed with the applied magnetic field. And a sensitivity of 0.11 μW/mT was obtained by experiments. Especially, our group proposed a novel Sagnac interferometer with a ferrofluid-infiltrated high-birefringence PCF (HB-PCF) [48] . In this design, the ferrofluid-infiltrated HB-PCF was inserted into the Sagnac loop as a magnetic field sensing element. As the refractive index of MF filled in the cladding air holes of the HB-PCF will change with respect to the applied magnetic field, the birefringence of HB-PCF would change, which will affect the shifts of the output interference spectrum. Fig. 11 illustrated the simulated birefringence characteristics of the ferrofluid-filled HB-PCF under different magnetic field intensities. By this method, a sensitivity of 73 pm/mT was obtained for a magnetic field intensity ranging from 100 to 400 Gs.
Most of the applications of MF on the optical fibers are treating MF as cladding material or filling it into cavity structure. The MF infiltrated in the fiber structure is functioned as sensitive medium. Hence, when external environment like magnetic field or temperature is applied to the whole sensor, the refractive index change induced by magnetic field or temperature will result in the effective RI variation of the sensing region, which will then modify the transmission spectrum of the sensor, and thus shift the corresponding resonant wavelength or change the peak intensity. Therefore, the measurement of magnetic field can be realized by monitoring the spectral change information. The MF-infiltrated patterns structure magnetic field and current sensors have the advantages of high sensitivity, robustness, compactness, and good integration by utilizing cavity or hole structures, which will develop widely and grow maturely for more practical applications.
IV. CONCLUSION AND REMARKS
The review for optical fiber sensors based on the refractive index tunability of MF demonstrates that the MF has played very important roles in the optical fiber sensors and will produce a significant potential industrial value. Here, some new potential directions of MF for applications in optical fiber sensors are listed.
1) New magnetic materials in MF. Most of the used MF in the above applications in optical fiber sensors are based on the basic Fe 3 O 4 or Fe 2 O 3 particles. The selected reasons of MF and the application details of MF should be further researched. It can be expected that, with the deep research on the process of magnetic materials such as doping other elements, and their theory and characteristics, more and more new MF will be synthesized, and then the optical properties of new MF and its applications will be extended. 2) New optical fiber structures combined with MF. A large variety of silica and polymeric optical fibers as well as other specialty fibers with different geometry as the case of side polishing, square fibers and D-fibers should be developed further. At the same time, micro/nano-fabrication technologies can be efficiently assisted to provide fiber structuring, materials integration and so on. From which, we can see that the MF and its applications in optical fiber sensors still show significant potentialities. With the development of magnetic materials and different structure patterns, much more MF with novel properties will be proposed and much more MF-based optical fiber sensors will be presented as well.
However, although the MF-based optical fiber sensors have been proposed a lot and show great potentials, they still suffer some drawbacks such as practicability, repeatability and stability. Because of the slow response of the MF (longer than milliseconds), it can only meet the low-speed applications. Besides, when the MF-based optical fiber sensors are utilized in practical measurement, they are still sensitive to temperature, which means extra approaches or devices are needed to compensate the temperature cross sensitivity.
Nevertheless, these problems can be effectively solved by improving the properties of MF and by implementing modified fiber sensing structures. It can be foreseen that the characteristics of MF will be improved and the applications of MF based optical fiber sensors will be developed rapidly and maturely.
